The Catalão II and Catalão I carbonatite complexes are Cretaceous intrusions in the northwestern part of the Alto Paranaíba Igneous Province, central Brazil, and contain various trioctahedral micas. Drill-hole sampling and mineralogical and geochemical data suggest the existence of different types of cumulate rocks as carbonatites (calcio-and ferrocarbonatites in Catalão II; magnesiocarbonatites in Catalão I), magnetitites, apatitites, and phlogopitites. In Catalão II complex the presence of ultramafic lamprophyres (phlogopite-picrites) and fenites (syenites and clinopyroxenites) are identified. Crystal structural analysis shows that all mica crystals are 1M polytypes with the expected space group C2/m. The nearly equal size and mean electron count between M1 and M2 octahedral sites suggest a disorder of octahedral cations between these two sites. The low Al and the high Fe 3+ content in the tetrahedral site of these micas, as well as the high (OH) -content, reflects the general enrichment in FeO and H 2 O and the peralkaline nature of magma from which Catalão I and Catalão II micas crystallized. Micas strongly enriched in Fe 3+ and poor in Ti and Al, are used, for the first time, as indicators of crystallization temperature using published geothermometers. Temperatures range between ~800 and 558 °C for the Catalão II cumulate rocks, in high oxygen fugacity conditions, mainly over the HM condition. In contrast, the variability in temperature (703-631 and 1050-952 °C) for Catalão II phlogopite-picrites is consistent with mica crystallization in an HM-NiNiO environment. The calculated temperatures for Catalão I cumulate rocks (742-542 °C for magnesiocarbonatites, 923-540 °C for magnetitites, and 679-550 °C for apatitites) are quite similar with those of Catalão II rocks, but they generally show higher oxygen fugacity conditions (over HM condition).
aBstract
The Catalão II and Catalão I carbonatite complexes are Cretaceous intrusions in the northwestern part of the Alto Paranaíba Igneous Province, central Brazil, and contain various trioctahedral micas. Drill-hole sampling and mineralogical and geochemical data suggest the existence of different types of cumulate rocks as carbonatites (calcio-and ferrocarbonatites in Catalão II; magnesiocarbonatites in Catalão I), magnetitites, apatitites, and phlogopitites. In Catalão II complex the presence of ultramafic lamprophyres (phlogopite-picrites) and fenites (syenites and clinopyroxenites) are identified. Phlogopite, Fe 3+ -rich phlogopite, and tetraferriphlogopite are ubiquitous, with marked and variable pleochroism. In the Catalão II, micas from magnetitites, apatitites, and calciocarbonatites are close in composition to the tetraferriphlogopite end-member. The Mg/(Mg+ [VI] Fe tot ) average value is 0.959 for micas from magnetitites, 0.878 for micas from apatitites, and 0.875 for micas from calciocarbonatites, suggesting an enrichment of octahedral iron in crystals from calciocarbonatites. The trioctahedral micas from the fenites are intermediate in composition between phlogopite and tetraferriphlogopite, with 0.227 ≤ [IV] Fe ≤ 0.291 apfu. Micas of phlogopitites, ferrocarbonatites, and phlogopite-picrites show a significant variation in [IV] Fe, [IV] Al, [VI] Mg, and [VI] Fe contents, suggesting the existence of different mica populations. In the Catalão I magnetitites micas show a quite constant Mg content but marked differences in [IV] Fe 3+ and [IV] Al content, so there are [IV] Fe 3+ -bearing phlogopite and tetraferriphlogopite. The micas from Catalão I apatitites have variable [IV] Fe 3+ , [IV] Al, and Mg contents and are mainly tetraferriphlogopite with a minor phlogopite population. Trioctahedral micas from Catalão I magnesiocarbonatites contain crystals close to tetraferriphlogopite with [IV] Fe 3+ and a limited variation in Mg content. In these complexes, heterovalent octahedral substitutions are mainly related to Ti 4+ and, only in a few samples, to Fe
3+
. The primary mechanism regulating Ti uptake into the mica structure is the Ti-oxy [ [VI] Ti 4+[VI] (Mg,Fe)
2+
-1 (OH) --2 O 2 2-] substitution. Crystal structural analysis shows that all mica crystals are 1M polytypes with the expected space group C2/m. The nearly equal size and mean electron count between M1 and M2 octahedral sites suggest a disorder of octahedral cations between these two sites. The low Al and the high Fe 3+ content in the tetrahedral site of these micas, as well as the high (OH) -content, reflects the general enrichment in FeO and H 2 O and the peralkaline nature of magma from which Catalão I and Catalão II micas crystallized. Micas strongly enriched in Fe 3+ and poor in Ti and Al, are used, for the first time, as indicators of crystallization temperature using published geothermometers. Temperatures range between ~800 and 558 °C for the Catalão II cumulate rocks, in high oxygen fugacity conditions, mainly over the HM condition. In contrast, the variability in temperature (703-631 and 1050-952 °C) for Catalão II phlogopite-picrites is consistent with mica crystallization in an HM-NiNiO environment. The calculated temperatures for Catalão I cumulate rocks (742-542 °C for magnesiocarbonatites, 923-540 °C for magnetitites, and 679-550 °C for apatitites) are quite similar with those of Catalão II rocks, but they generally show higher oxygen fugacity conditions (over HM condition).
Keywords: Phlogopite, tetraferriphlogopite, carbonatites, Catalão, Alto Paranaíba Igneous Province, Brazil introduction Several studies related layer topology of trioctahedral micas to crystallization conditions (Brigatti et al. 1996 (Brigatti et al. , 2000a (Brigatti et al. , 2000b (Brigatti et al. , 2001 Laurora et al. 2007; Lacalamita et al. 2011; Scordari et al. 2013 and references therein). Determining the changes in layer topology of trioctahedral micas under changing crystallization conditions is not simple because most igneous micas have a complex geologic history (Brigatti et al. 1996; Scordari et al. 2013; Schingaro et al. 2014 ) that may consist of multi-step processes, under non-equilibrium conditions. Thus, complex crystal chemistry could reflect a complex genetic history. Trioctahedral micas show different substitution mechanisms, which affect different structural sites, as charge balance can be achieved either within one site only or by involving several sites. The geometrical variation of the mica layer as a result of a given compositional substitution is thus not always linear and can be complex (Brigatti et al. 2003 (Brigatti et al. , 2016 Si 3 O 10 (OH) 2 ] are common mafic phases in alkalinecarbonatite complexes; their crystal chemical features are thought to be related to the composition of the magma from which they crystallized (Krivdik et al. 1982; Bagdasarov et al. 1985; Heathcote and McCormick 1989; Gibson et al. 1995 Gibson et al. , 2006 Brigatti et al. 1996; Kamenetsky et al. 2009 ), as well as to the pressure (P) and temperature (T) of crystallization (Kamenetsky et al. 2009; Naemura et al. 2009) . A crystal-chemical study of micas from Tapira carbonatites (Brigatti et al. 1996) indicated that they crystallized in two different stages of the magma evolution, both characterized by low-P and high-f O2 conditions, i.e., from alkaline-silicate magmas (in this case mica phlogopite with moderate to low substitution of [IV] Fe 3+ for [IV] Si) or from silicate-carbonatite magmas (in this case strong [IV] Fe 3+ for [IV] Si substitution occurs in the presence of very high f O2 , a H2O , and CO 2 ).
This study provides a detailed crystal-chemical characterization of trioctahedral micas, belonging to the phlogopite-annite and to the tetraferriphlogopite-tetraferriannite joins, from the Catalão intrusions in Brazil. The results highlight the importance of understanding substitution mechanisms when applying them to strongly Fe 3+ -enriched phlogopite crystals for the purpose of constraining crystallization conditions, principally in terms of T and oxygen fugacity, in oxidized igneous systems.
GeoloGical settinG
The Catalão I and Catalão II complexes are located in the Alto Paranaíba Igneous Province (Fig. 1) in the southeastern part of Goiás and the western part of Minas Gerais. This province is one of the largest ultrapotassic/kamafugitic provinces of the world and extends over ~20 000 km 2 between the São Francisco Craton and the northeastern border of the Paraná Basin (southeastern Brazil) (Fig. 1 inset) . It was formed by emplacement of strongly alkaline and carbonatite rocks (mostly kamafugites, kimberlites, lamprophyres, and carbonatites) found as lava flows, pyroclastic successions, and hypabyssal intrusions (Gibson et al. 1995; Brod et al. 2000 Brod et al. , 2001 Araújo et al. 2001; Read et al. 2004; Gomes and Comin-Chiaramonti 2005; Melluso et al. 2008; Guarino et al. 2013 .
The Catalão I and Catalão II complexes intruded the Araxá Group (quartzites, schists, and phyllites) of the Late Proterozoic Brasília Belt (Almeida et al. 2000) . These complexes are located along an NW-SE lineament that controlled the emplacement of Cretaceous alkaline rocks of the Alto Paranaíba Igneous Province (Biondi 2005) . The Catalão I complex (18 °08′ S, 47 °50′ W; Cordeiro et al. 2011 and references therein) has a circular dome-shape 27 km 2 in size, with a diameter of 5.5-6.0 km, with the carbonatites at the center, in veins and dikes, which cut cross the other alkaline mafic rocks. Mantovani et al. (2016) 2 that are about 2 km apart; it was constructed through the sequential emplacement of dikes, veins, and alkaline igneous bodies emplaced in a complex pattern (Machado 1991; Rocha et al. 2001) . The Catalão II complex is known for the alteration of magmatic pyrochlore into secondary phases during supergene alteration processes in the alteration cover, and related mineralization (Rocha et al. 2001; Guimarães and Weiss 2013) . The Catalão I rocks have been obtained through three boreholes F72, 3E19N, and 49E33N while Catalão II rocks come from two drill cores, penetrating the ~50 m thick lateritic soil (Rocha et al. 2001 ); C3B2(A) and C3B1(B) boreholes in the south and north pipes, respectively. Details on sampled rocks and their modal mineralogy are given in Supplemental 1 Table 1 , where samples are ordered following their drill-hole depth (cf. Guarino et al. 2017) .
PetroGraPhy
Modal and compositional data were used to classify the Catalão I and II rocks (Supplemental 1 Table S1 ; Guarino et al. 2017) . The Catalão I complex consists of lamprophyric dikes (Gomes and Comin-Chiaramonti 2005) , phoscorites (Cordeiro et al. 2011) , apatitites, magnetitites, and magnesiocarbonatites with cumulate texture and references therein). The Catalão II complex is characterized by the presence of ultramafic lamprophyres (as phlogopite-picrites, Guarino et al. 2013) , apatitites, magnetitites, calciocarbonatites, ferrocarbonatites, phlogopitites, and fenitized rocks or fenites (syenites and amphibole clinopyroxenites). The identified lithologies show inequigranular holocrystalline, cumulate texture, with the exception of the phlogopite-picrites that have a porphyritic and pseudo-fluidal texture and clinopyroxenites with banded textures.
Catalão I rocks
Magnesiocarbonatites consist of cryptocrystalline carbonate or by medium-to coarse-grained carbonate (dolomite and/or magnesite) crystals, associated with minor amounts of carbonates, phlogopite, apatite, and zoned pyrochlore crystals. Apatitites have apatite as predominant mineral, with lesser magnetite, phlogopite, carbonate, and pyrochlore. Magnetitites are characterized by magnetite and subordinate phlogopite, apatite, and pyrochlore.
Catalão II rocks
The phlogopite-picrites consist of olivine and phlogopite phenocrysts in a groundmass rich in phlogopite laths with olivine, spinel, apatite, perovskite, calcite, and rare garnet and rutile. The calciocarbonatites and ferrocarbonatites are characterized by medium-to coarse-grained anhedral carbonates and minor amounts of macro-and microcrystals of zoned phlogopite (slightly orange in the core and dark orange in the rims), apatite, magnetite, pyrochlore, carbonates, rutile, rare clinopyroxene, and amphibole. The magnetitites are characterized by medium-to-coarse-grained magnetite associated with subordinate phlogopite, apatite, pyrochlore, and carbonates. The apatitites are medium-to coarsegrained rocks and consist of apatite and phlogopite, with minor opaque minerals, carbonates, and pyrochlore. Phlogopitites have phlogopite as the dominant phase, minor magnetite, pyrochlore, apatite, and very rare carbonates. The syenite C2A6 is dominated by alkali feldspar, with minor Na-rich clinopyroxene, phlogopite, amphibole, and apatite. The clinopyroxenite C2A26 has a banded structure, with Na-rich clinopyroxene and amphibole bands alternate with minor phlogopite bands. Apatite and carbonate are accessory phases. Syenite and amphibole clinopyroxenite are fenites, i.e., the products of interaction between the host rocks and Na-and K-rich fluids, likely derived from the carbonatite intrusion (Le Bas 2008; Guarino et al. 2012) .
All phlogopite crystals, both in Catalão I and II rocks, show marked and variable pleochroism, from light-to-dark orange into the cores of crystals or in single crystals, and from orange to dark red, observable along the rims and in single crystals (Supplemental 1 Figs. S1 and S2).
exPeriMental Methods
Thin sections of the Catalão I and Catalão II rocks were observed using polarized light microscopy, with a Leitz Laborlux 12 POL microscope, to identify the mineral phases. Modal analysis, based on 3000 points, was carried out with Leica Q Win software equipped with a Leica DFC280 camera (Supplemental 1 Table S1 ).
Mineral composition and calculation of stoichiometric formula
Compositional analyses were performed, both on polished thin sections (Supplemental 1 Table S2 ) and on the same crystals used for structure refinement (Supplemental 1 Table S3 ), on a Cameca SX50 electron probe micro-analyzer. The following operating conditions were used: accelerating voltage 20 kV, sample current 20 nA, and defocused beam diameter of 4 μm. The F content was determined from the method reported by Foley (1989) . No evidence of F volatilization was observed after 40 s counting time, as reported in Signorelli et al. (1999) . Individual point analyses for each homogeneous crystal were averaged, and rim-core compositional variation was observed to be within 3% of the estimated standard error for each element (3% relative), indicating a high degree of compositional homogeneity. Thin-section samples occasionally showed the coexistence of two mica populations (Supplemental 1 Table S2 ), the different populations are identified by labels a and b, respectively. When different populations are not present, averaged data refer to mica samples belonging to the same population. The FeO content of crystals used for structure refinement was determined using the procedure of Meyrowitz (1970) with an estimated standard deviation σ < 4%. The (OH)
-content was derived from thermogravimetric analysis in He gas flow using a Seiko SSC 5200 thermal analyzer (heating rate 10 °C/min and gas flow rate 100 μL/min), equipped with a mass spectrometer (GeneSys ESS, Quadstar 422). Stoichiometric formulas of micas analyzed on polished thin sections were calculated based on a -22 charge (Supplemental 1 Table S2 ). Hydroxyl content was estimated by filling the anionic site (i.e., OH+F = 2). Similarly, the Fe 2+ /Fe 3+ ratio was derived by assuming full occupancy of the tetrahedral site (i.e., Si 4+ +Al 3+ +Fe 3+ = 4) by using the total tetrahedral electron density, and by approaching, as closely as possible, the octahedral and interlayer theoretical occupancies. The stoichiometric formulas for the crystals used for structure refinement were calculated by an iterative approach (Supplemental 1 Table S3 ). As a first step, the charges of cations in tetrahedral, octahedral, and interlayer sites were set equal to 22. The composition of the anion site, populated by (OH) -, F -, and O 2-, was a result of this step. Given X = 2 -[(OH) -+ F -)], the stoichiometric formula was calculated assuming 22+X positive charges for tetrahedral, interlayer, and octahedral sites, which leads to an assessment of anion composition and therefore to a value for X. The iterative procedure was used until the difference in the X value from each step, was <10 -7 .
Additional compositional data
Compositional data for micas from the Catalão II and Catalão I rocks shown in tetrahedral plots (see Supplemental  1 Table S4 ) were determined on polished thin sections with an energy-dispersive spectrometer (EDS) at Dipartimento di Scienze della Terra, dell'Ambiente e delle Risorse (Di.S.T.A.R.), University of Napoli Federico II (a JEOL JSM-5310 microscope and an Oxford Instruments Microanalysis Unit, equipped with an INCA X-act detector). Full analytical details, including all utilized standards, are reported in Melluso et al. (2014 Melluso et al. ( , 2017 and Guarino et al. (2017) .
X-ray diffraction
Every single crystal was mounted on a Bruker X8-Apex automated four-circle diffractometer with Kappa geometry, equipped with a fine-focus Mo ceramic X-ray tube (λ = 0.7107 Å) and APEX 4 K CCD detector. Data collection used the APEX2 software. Preliminary unit-cell parameters and an orientation matrix were obtained from three sets of frames and were refined during the integration process of intensity data. Diffraction data were collected with ω scans at specific φ settings (φ-ω scan). Data were processed using SAINT Plus (Bruker 2003) . The SADABS package (Sheldrick 1996) was used to perform a semi-empirical absorption correction. Space group determination and data merging were performed using XPREP (Sheldrick 1997) . Crystal structures were refined using the SHELX-97 package of programs (Sheldrick 1997) . Information related to X-ray data collection and refinements, as well as the unit-cell parameters of the measured micas, are available from the deposited 1 CIF file. Structure refinements were performed following the assumptions previously adopted by Laurora et al. (2007) , and Ti occupancy. In the final cycles, anisotropic displacement parameters were refined for all atoms. The occupancy at each tetrahedral and octahedral site was verified against measured interatomic distances, mean atomic number, and chemical formula by using an iterative procedure minimizing discrepancies with measured mean electron count, interatomic distances (experimental vs. calculated from Shannon radii and assumed a chemical population of the site; Shannon 1976). Supplemental 1 Table S3 reports octahedral and interlayer mean electron count (m.e.c.) from crystal structure refinements and, for comparison, from electron microprobe measurements. Final refinements yielded the agreement factor values (R), the atom coordinates and equivalent isotropic and anisotropic displacement factors are available from the CIF file. The final calculated difference electron density maps did not reveal significant excess electron density above background. Supplemental 1 Table S5 lists relevant cation-anion bond lengths and selected geometrical parameters obtained from structure refinements.
PhloGoPite coMPositions
Representative compositions of phlogopite crystals are reported in Supplemental  1 Tables S2 and S3 . The number of atoms per formula unit was calculated following two normalization procedures as reported in the Experimental Methods section. For this reason, compositional ranges reported in this section refer to Supplemental 1 Table S2 only. In Catalão I and Catalão II micas, the Si and Al contents in tetrahedral sites are always <4 apfu (Fig. 2a) , suggesting that these micas include [IV] Fe 3+ -rich phlogopite and tetraferriphlogopite (Bailey 1984) because variable amounts of Fe 3+ were required to complete the tetrahedral site occupancy. The tetrahedral Fe 3+ and total Al contents are negatively correlated, and the analytical points plot close to the line [IV] Fe/Al = 1/1 (Fig. 2b , Supplemental 1 Table S2 ). Above
[IV] Fe = 0.9 apfu the [IV] Fe increases, but Al remains constant. Thus, the tetraferriphlogopite end-member shows a lower amount of Si substitution with respect to phlogopite. When plotted in the classification diagram mgli vs. feal [i.e., mgli = [VI] (Mg -Li); feal = [VI] (Fe total + Mn + Ti -Al), Tischendorf et al. 2004] , the Catalão I and Catalão II micas present octahedral compositions intermediate between phlogopite and annite (Fig. 3) , but most of the samples plot in the phlogopite sector. A few crystals from Catalão II rocks (C2B24 ferrocarbonatite, and C2A10 and C2A18 phlogopite-picrites) plot in the annite sector.
Micas from the Catalão I complex are richer in Mg (2.736-2.960 apfu) when compared with micas from the Catalão II complex (Mg 1.125-2.806 apfu; Supplemental 1 Table S2 ). Lower Mg content is compensated by higher [VI] Fe tot content in samples from Catalão II micas, reaching an average value of 0.463 apfu, which is statistically greater than the values observed in Catalão I samples (i.e., average value of 0.084 apfu). Ti content is also greater in samples from Catalão II when compared with samples from Catalão I, with average values of 0.084 and 0.006 apfu, respectively. Titanium is inversely correlated with Mg (Fig. 4a) for all samples but not for micas in Catalão II phlogopite-picrites, which are also characterized by highest Ti (0.170-0.268 apfu) content. On the opposite side, tetraferriphlogopite crystals from Catalão I are Mg rich and almost completely Ti free.
Catalão trioctahedral micas are characterized by high compositional variability among different rock types (see Supplemental 1 Table S2 ). In fact, the trioctahedral micas from Catalão II magnetitites, apatitites, and calciocarbonatites are tetraferriphlogopite (
[IV] Al ≤ 0.187 apfu). Magnesium is always the main octahedral cation, with an Mg/(Mg+ [VI] Fe tot ) average value of 0.959 for micas from magnetitites, 0.878 for micas from apatitites and 0.875 for micas from calciocarbonatites. Trioctahedral micas from Catalão II fenites (syenite and clinopyroxenite) are intermediate in composition between phlogopite and tetraferriphlogopite. Micas from Catalão II phlogopitites, ferrocarbonatites, and phlogopite-picrites show a high variation in [IV] Fe (0.311-0.979 apfu in phlogopitite, 0.497-0.996 apfu in ferrocarbonatites, 0.097-0.924 apfu in phlogopite-picrites), [IV] Al (0.009-0.727 apfu in phlogopitite, 0.007-0.516 apfu in ferrocarbonatites, 0.127-1.051 apfu in phlogopite-picrites) and [VI] Mg (2.137-2.572 apfu in phlogopitite, 1.159-2.384 apfu in ferrocarbonatites, 1.125-2.604 apfu in phlogopite-picrites) contents, suggesting the presence of different mica populations.
Trioctahedral micas from Catalão I magnetitites show marked differences in [IV] Fe 3+ (0.124-1.002 apfu) and [IV] [IV] Fe 3+ substitution produces an increase in tetrahedral volume and a flattened tetrahedron in tetraferriphlogopite with respect to phlogopite. The increase of the tetrahedral volume, associated with an increase in tetrahedral basal dimensions and in the area defined by tetrahedral basal oxygen atoms (
[IV] 〈O-O〉; Supplemental 1 Table S5 ), is also reflected in the octahedral site, showing an increase in unshared 〈O3-O3〉 edges with increasing [IV] Fe 3+ content (Fig. 4b ). The deviation of samples of Catalão II ferrocarbonatite C2B24 and fenite C2A26 from the above-mentioned trends can be associated with high [VI] Fe 2+ content that produces an increase in 〈O3-O3〉 edges. These two samples are also those showing a lower tetrahedral rotation α that is a measure of tetrahedral to octahedral dimensional misfit (Brigatti et al. 2003) . In most of the other samples in our data set, α increases with [IV] Fe 3+ content, because the increase imparted on 〈O3-O3〉 is insufficient to fully compensate for the increase in tetrahedral basal dimensions. The [IV] Fe 3+ [IV] Al -1 3+ substitution, which defines the phlogopite to tetraferriphlogopite join, increases the dimensions of the tetrahedral FiGure 2. (a) [IV] Si vs. [IV] Al and (b) [IV] Fe 3+ vs.
[IV]
Al for Catalão phlogopite and ferriphlogopite crystals. The number of atoms per formula unit (apfu) was calculated following the normalization procedure presented in the Experimental section as reported in Supplemental 1 Table 2 . site and requires the extension of the octahedral triads. Fe 2+ for Mg 2+ octahedral substitution induces an increase in 〈M1-O〉 mean bond distance, as is common in trioctahedral micas (Brigatti and Guggenheim 2002) , and in the area of the hexagon defined by tetrahedral basal oxygen atoms (Fig. 4c) . So, the tetrahedral basal oxygen atoms, unlike what is commonly observed in trioctahedral micas, is not related to α in all the mica samples studied.
Most trioctahedral micas of both Catalão complexes (Supplemental 1 Table S5) show a difference (Δ〈M-O〉) between 〈M1-O〉 and 〈M2-O〉 mean bond distances less than 0.006 Å (thus Δ〈M-O〉 ≤ 3σ, where σ is the estimated standard deviation on the mean value). Thus, the nearly equal size and mean electron count between M1 and M2 suggest disorder between octahedral cations. Only a few crystals from Catalão II (C2A26 fenite, C2B19 calciocarbonatite and C2B24 ferrocarbonatite) show 〈M1-O〉 mean bond distance greater than 〈M2-O〉 (Δ〈M-O〉 C2A26 = 0.009 Å; Δ〈M-O〉 C2B19 = 0.008 Å) and mean electron count higher in M1 than in M2. Both these features suggest a preferential location of higher atomic number and larger cations in the M1 site.
iMPlications Phlogopite, tetraferriphlogopite, and [IV] Fe 3+ -rich phlogopite are ubiquitous in Catalão rocks. The complex mineralogical assemblages linked to the cumulate texture of the Catalão II host rocks (calciocarbonatites, ferrocarbonatites, apatitites, magnetitites, and phlogopitites) make the establishment of crystallization relationships between minerals extremely difficult. Phlogopite crystallizes together with apatite (e.g., phlogopite encloses apatite or vice versa), whereas magnetite probably began to crystallize slightly before and even contemporaneously with phlogopite; carbonates are the last to crystallize. Cumulate rocks and liquid phase compositions differ because rock formation occurred through extensive accumulation processes caused by differential settling of the heavy phases (magnetite, apatite, pyrochlore, and sulfides), and their compositions are related to the different modal amounts of minerals . A similar process was defined for Catalão I cumulate rocks. Differential settling, in addition to being visible in rock texture, is again observed, for example, between mica compositions (and also with carbonates and opaque minerals) and their Catalão II host-related rocks (Supplemental 1 Fig. S3 ). The behavior of [VI] Mg for Catalão phlogopite and ferriphlogopite crystals; (b) 〈O3-O3〉 unshared octahedral edges vs. the area defined by tetrahedral oxygen atoms (
[IV] 〈O-O〉 basal ); (c) [IV] 〈O-O〉 basal vs. octahedral [VI] Mg content; and (d) relationships between tetrahedral and octahedral charge (e -apfu). Samples and symbols as in Figure 2 . Data for phlogopite and tetraferriphlogopite of Tapira and Alto Paranaíba kamafugites are from Brigatti et al. (1996 Brigatti et al. ( , 2001 , Elmi et al. (2014) , and Schingaro et al. (2011). micas analyzed in the phlogopite-picrites (Supplemental 1 Fig.  S3 ) is different, because the phlogopite-picrites in Catalão II can be interpreted as a result of a low degree partial melting (f = 0.5-2%) of a mantle source consisting of a carbonated lherzolite with phlogopite-rich veins, strongly enriched in incompatible elements (Guarino et al. 2013 Table S6 ). Similar values of [IV] Fe 3+ can be observed in Catalão II apatitites and magnetitites, suggesting similar fugacity. These micas are also low in [IV] Al (≤ 0.3 apfu). The low [IV] Al content and the high [IV] Fe 3+ , together with high (OH) -contents, reflect the general enrichment in FeO and H 2 O (as the predominant volatile) and the peralkaline nature of the magma from which Catalão II micas crystallized. The variability in [IV] Fe 3+ concentration in the Catalão II ferrocarbonatites (0.497-0.996 apfu; Supplemental 1   Table S6 ) is associated with micas analyzed in two different samples. The C2B18 sample ( [IV] Fe 3+ = 0.996 apfu) shows values similar to those for the calciocarbonatites, thus suggesting similar crystallization conditions described above. Sample C2B24 shows a lower [IV] Fe 3+ concentration (0.497 apfu) with respect to other studied micas from carbonatites, possibly suggesting that this carbonatite could be the result of a late-stage carbothermal residual magma (Mitchell 2005; Guarino et al. 2017) .
Variable [IV] Fe 3+ concentrations in Catalão I phlogopite crystals from magnesiocarbonatites (0.617 ≤ [IV] Fe 3+ ≤ 0.929 apfu), magnetitites (0.124 ≤ [IV] Fe 3+ ≤ 1.002 apfu), and apatitites (0.069 ≤ [IV] Fe 3+ ≤ 0.931 apfu) could be related to magmatic and weathering processes, as testified by the wide variation in their oxygen isotopes [δ 18 O (V-SMOW) = 6.13-10.75‰] analyzed in different minerals and references therein).
Different hypotheses can be formulated to account for the Al deficiency in the tetrahedral site of micas: (1) in lamproites and orangeites, Al deficiency can depend on the peralkalinity of the magma (Mitchell and Bergman 1991; Mitchell 1995) ; (2) several authors suggested that low Al concentration in the liquid and/or high f O2 control the formation of tetraferriphlogopite (e.g., Arima and Edgar 1981; Heathcote and McCormick 1989; Brigatti et al. 1996) ; (3) tetraferriphlogopite crystallization in a carbonatite-bearing alkaline-ultrabasic complex can be attributed to the occurrence of oxidizing conditions during the late stages of carbonatite formation (Krasnova 2001) ; or (4) Gibson et al. (1995 Gibson et al. ( , 2006 ) that the Al-poor composition of most of the trioctahedral micas from the mantle can be attributed to the local post-emplacement crystallization environment rather than to the composition of the parental magma. The slightly higher Ti concentrations in Catalão I than in Catalão II micas (Fig. 4a) may indicate that the Ti concentration in trioctahedral micas cannot be related only to coexisting mineral assemblages, but also to the physicochemical conditions prevailing during crystallization (i.e., T and f O2 increase, P decrease; Greenwood 1998). In spite of the low Ti content of the trioctahedral micas from Catalão I, there was moderate TiO 2 availability in the liquid, as testified by the presence of Ti-bearing phases (i.e., Ti-rich magnetite and ilmenite) in Catalão I magnetitites . Thus, the variation in Ti content in micas can be attributed to both the mineral assemblage, including the presence of competing phases, e.g., magnetite or pyrochlore that may include the Ti in their chemical formula, to the nature of the magma and probably to the conditions of f O2 , a H2O , and f CO2 during the late stages of magmatic evolution.
Chemical behavior of phlogopite in alkaline complexes
Mica samples from Catalão I and Catalão II rocks are characterized by a higher tetrahedral charge when compared with mica crystals from Tapira rocks, defining a linear correlation showing a concomitant octahedral charge increase with decreasing tetrahedral charge (Fig. 4d) . Micas from both Catalão complexes are also characterized by a narrower compositional range when compared with micas from Tapira, with compositions closer to the tetraferriphlogopite end-member. This feature suggests less variability in intensive parameters (e.g., T and P) in force during crystallization. Deviation from the above mentioned linear trend is in the micas analyzed in the Alto Paranaíba kamafugites, where octahedral charge increases due to high site occupancy by Ti. This increase in octahedral charge is no longer fully compensated by a decrease in tetrahedral charge (Fig. 4d) .
The increase in Ti content is associated with a decrease in (OH) -content and in A-O4 distance, thus suggesting Ti-oxy substitution. This substitution is significantly more common in micas from Alto Paranaíba kamafugites rather than in micas from Catalão and Tapira complexes (Figs. 5a and 5b) . If Ti-oxy substitution is present in Catalão and Tapira rocks, it is not as significant as in Alto Paranaíba kamafugite samples. This observation is consistent with different crystallization conditions in the Alto Paranaíba kamafugites than in Catalão and Tapira rocks. This difference is due to the crystallization of Ti-bearing minerals, such as perovskite/opaque minerals that are widely present in the Alto Paranaíba rocks (kimberlites, kamafugites, and phlogopite-picrites; Guarino et al. 2013) . These different crystal chemical mechanisms are also reflected in unit-cell parameter variation. In all considered samples, the c parameter increases with the a and b parameters; they follow two different trends depending on the amount and nature of the Ti substitution. With similar a and b parameters to those for samples from Tapira, the Alto Paranaíba samples show lower c parameter values and smaller cell volumes. Samples from the Catalão complexes are characterized by larger unit-cell parameters (Fig. 6) .
Through the tetraplot diagram (Cucciniello 2016) , it is possible to correlate all tetrahedral cations with Mg as the main octahedral cation. These diagrams compare micas analyzed in the main alkaline and alkaline-carbonatite complexes identified in southern Brazil, including Catalão II, Catalão I, Tapira, Salitre, and Araxá in the Alto Paranaíba Igneous Province, and Ipanema, Jacupiranga, and Itatiaia in the Serra do Mar province. The Araxá, Salitre, Catalão I, and Catalão II carbonatites are associated with cumulate rocks (e.g., apatitites, magnetitites, and phlogopitites), dunites, and wehrlites, whereas the Tapira carbonatites are associated with Ca-rich, Na-poor melilitite ± melilitolite ± ultramafic cumulate rocks (e.g., clinopyroxenites and "bebedourites"). On the other hand, the Jacupiranga carbonatites are associated with nephelinite ± melteigite/ijolite/urtite ± ultramafic cumulate rocks (e.g., pyroxenites), whereas the Ipanema carbonatites are associated with apatite-, magnetite-, and phlogopite-bearing cumulate rocks. The Itatiaia complex is free from carbonatites, and it is composed primarily of nepheline syenite grading to peralkaline varieties, quartz syenite, and granite .
The "carbonatites" field in Figure 7a is defined on the basis of micas analyzed in Catalão II and Catalão I carbonatites, which show a strong [IV] Fe 3+ enrichment, slightly visible in micas from Ipanema carbonatites and absent in micas from Jacupiranga carbonatites (Fig. 7b) . In Figure 7b , phlogopite crystals analyzed in Sokli phoscorite-carbonatite complex (Finland; Lee et al. 2003 ) are plotted as a comparison because they represent analyses of micas present in similar Catalão rocks. It is observed that they define the same trend observed for Catalão II phlogopite crystals. Slight Fe 3+ enrichment is also visible in Alto Paranaíba kimberlites and kamafugites, particularly in Catalão II phlogopite-picrites that match the Catalão "carbonatites" field (Fig. 7c) . Figure 7d compares micas belonging to several alkaline provinces, including those of Cenozoic rocks from Madagascar (Melluso and Morra 2000; Melluso et al. 2007; Cucciniello et al. 2011 Cucciniello et al. , 2016 , Ischia Island in Italy (Melluso et al. 2014) , the Jasra and Sung Valley complexes in India (Melluso et al. 2010 and Central Mediterranean lamproites (Lepore et al. 2017) . These micas follow the trend observed for the micas of the Serra do Mar Province, with lower Fe content associated with higher Si, Al, and Mg contents.
Temperature, pressure, and oxygen fugacity during mica crystallization
Igneous phlogopite crystallizes in a wide range of magmatic conditions (e.g., T, P, oxygen fugacity and chemical composition; Speer 1984) . Several studies estimate crystallization T and P based on the partitioning of Al, Ti, and Ba in micas or between micas and liquid (e.g., Luhr et al. 1984; Righter and Carmichael 1996; Cesare et al. 2003; Henry et al. 2005; Uchida et al. 2007 ). However, most of these relationships cannot be applied to Catalão micas, owing to the low amounts or absence of Al, Ti, and Ba. The temperature of Catalão II cumulate rocks (carbonatites, apatitites, magnetitites, and phlogopitites) and Catalão II phlogopitepicrites can be estimated using the geothermometer of Luhr et al. (1984) . This formula [T (K) = 838/(1.0337 -Ti/Fe 2+ )] considers the ratio between octahedral Ti and Fe 2+ (Supplemental 1 Table  S7 ). The reliability of this formula was tested using published data for micas (Morogan and Wolley 1988; Brigatti et al. 1996; Seifert et al. 2000; Righter et al. 2002; Lee et al. 2003; Reguir et al. 2009; Bulchoz et al. 2014; Temizel et al. 2014; Ntomba et al. 2016; Pouclet et al. 2017; Lacalamita et al. 2017; Ivanov et al. 2018) where temperatures were determined independently (see results in the Supplemental 1 Table S8 ). The temperatures of micas in phlogopite-picrites estimated using the formula of Luhr et al. (1984) vary between 1050 and 952 °C, which is comparable with a primitive liquid formed directly from an enriched mantle, consistent with the temperature (900-1300 °C) reported by Righter and Carmichael (1996) Figure 6 of Cordeiro et al. (2011) , where the isotopic composition of calcite is in equilibrium with apatite and magnetite in a temperature range of 800 to 500 °C. The empirical equation proposed by Uchida et al. (2007) [P(kb) = 3.03· T Al -6.53(±0.33)] is not applicable for pressure assessment in Catalão micas because of their low tetrahedral Al content. Oxygen fugacity was evaluated using two different diagrams proposed in Wones and Eugster (1968) (Brigatti et al. 1996) . The diagrams illustrated in Figures 8a and 8b show that Catalão II micas in calciocarbonatites, magnetitites, and apatitites plot above the hematite-magnetite (HM) buffer. Micas in ferrocarbonatites, phlogopitites, and phlogopite-picrites are consistent with two different oxygen fugacity: some plot between the NiNiO and Si (/3), [IV] Al (*2), and [IV] Fe 3+ (*3)] and octahedral [VI] Mg cations used to compare micas of Catalão II and Catalão I rock (this work) with those of other alkaline districts, such as Tapira (Brigatti et al. 1996) , Salitre (Morbidelli et al. 1997) , Araxá (Traversa et al. 2001) in the Alto Paranaíba Igneous Province (Brazil), Ipanema , Jacupiranga Wyllie 1982, 1987; Brod et al. 2001) , Itatiaia in the Serra do Mar (Brazil), Sokli complex (Finland; Lee et al. 2003) ; Cenozoic Madagascar rocks (Melluso and Morra 2000; Melluso et al. 2007; Cucciniello et al. 2011 Cucciniello et al. , 2016 , Ischia Island in Italy (Melluso et al. 2014 ), Jasra and Sung Valley complexes in India (Melluso et al. 2010 , and Central Mediterranean lamproites (Lepore et al. 2017 ). The tetrahedral diagram was prepared using the Tetra-Plot spreadsheet (Cucciniello 2016) .
HM buffers and others plot above the HM buffer. This different behavior is due to various moments of mica crystallization. The micas in fenites plot between HM-NiNiO buffers. All Catalão I micas in magnesiocarbonatites, magnetitites, and apatitites plot above the HM buffer.
For both Catalão complexes, these diagrams illustrate the high oxidation state of the magma from which these micas crystallized. Further evidence is provided by magnetite-ilmenite pairs observed in a few Catalão samples. As shown in Figure 8c , their temperature values (640-571 °C in Catalão II calciocarbonatites; 862-564 °C in apatitites and 605-568 °C in magnetitites of Catalão I complex) are comparable with those estimated for micas in the same rocks. The magnetite-ilmenite pairs crystallized under HM-NiNiO conditions (see results in the Supplemental 1   Table S9 ), matching mica environment reasonably well.
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